The F-box protein Fbxw7 (also known as Fbw7, SEL-10, hCdc4 or hAgo) mediates the ubiquitylation and thereby contributes to the degradation of proteins that positively regulate cell cycle. Conditional ablation of Fbxw7 in mouse embryonic fibroblasts (MEFs) induces cell-cycle arrest accompanied by abnormal accumulation of the intracellular domain of Notch1 (NICD1) and c-Myc. However, the molecular mechanisms by which the accumulation of NICD1 and c-Myc induces cell-cycle arrest have remained unclear. We have now examined the expression of cell-cycle inhibitors in Fbxw7-deficient MEFs and found that the abundance of p27
The F-box protein Fbxw7 (also known as Fbw7, SEL-10, hCdc4 or hAgo) mediates the ubiquitylation and thereby contributes to the degradation of proteins that positively regulate cell cycle. Conditional ablation of Fbxw7 in mouse embryonic fibroblasts (MEFs) induces cell-cycle arrest accompanied by abnormal accumulation of the intracellular domain of Notch1 (NICD1) and c-Myc. However, the molecular mechanisms by which the accumulation of NICD1 and c-Myc induces cell-cycle arrest have remained unclear. We have now examined the expression of cell-cycle inhibitors in Fbxw7-deficient MEFs and found that the abundance of p27 Kip1 and p57 Kip2 is paradoxically decreased. This phenomenon appears to be attributable to the accumulation of NICD1, given that it was recapitulated by overexpression of NICD1 and blocked by ablation of RBP-J. Conversely, the expression of p16
Ink4a and p19 ARF was increased in an NICD1-independent manner in Fbxw7-null MEFs. The increased expression of p19 ARF was recapitulated by overexpression of c-Myc and abolished by ablation of c-Myc, suggesting that the accumulation of c-Myc is primarily responsible for that of p19
Introduction
Precise control of the cell cycle is fundamental to regulation of the normal development of multicellular organisms. Indeed, dysregulation of the cell cycle results in developmental defects or tumorigenesis. Proper control of the abundance of positive and negative regulators is required for the ordered progression of the cell cycle and is achieved by both transcriptional and posttranslational mechanisms. Such regulators include cyclins, which modulate the activity of cyclin-dependent kinases (CDKs) and which, together with most other regulators of the cell cycle, undergo specific degradation by the ubiquitin/proteasome system. Two classes of ubiquitin ligase, the anaphase-promoting complex or cyclosome and the Skp1-Cul1/-F-box protein (SCF) complex, are largely responsible for such degradation (Nakayama and Nakayama, 2006) . Fbxw7 (also known as Fbw7, SEL-10, hCdc4 or hAgo) is a member of the F-box family of proteins and was first identified in Caenorhabditis elegans as a negative regulator of the signaling protein Notch (LIN-12) (Sundaram and Greenwald, 1993; Hubbard et al., 1997) . Fbxw7 functions as the substrate-recognition subunit of an SCF-type ubiquitin ligase complex and targets for degradation various mammalian oncoproteins that promote cell-cycle progression (Nakayama and Nakayama, 2006; Welcker and Clurman, 2008) . These targets of Fbxw7 include cyclin E (Koepp et al., 2001; Moberg et al., 2001; Strohmaier et al., 2001) , c-Myc (Welcker et al., 2004; Yada et al., 2004) and c-Jun (Nateri et al., 2004) .
Given that Fbxw7 is responsible for the degradation of several oncoproteins, it is thought to function as a tumor suppressor. Indeed, mutations in FBXW7 have been identified in many human cancers, including cholangiocarcinoma, T-cell acute lymphoblastic leukemia, endometrial cancer and colon cancer (Nakayama and Nakayama, 2006; Akhoondi et al., 2007; Welcker and Clurman, 2008) . Moreover, the FBXW7 locus maps to human chromosomal region 4q32, which is frequently deleted in a wide range of human tumor types (Knuutila et al., 1999) .
Mice lacking Fbxw7 manifest marked accumulation of Notch and die in utero at embryonic day 10.5 showing abnormalities of vascular development caused by deregulation of Notch signaling (Tetzlaff et al., 2004; Tsunematsu et al., 2004) . Fbxw7 þ /-mice show an increased susceptibility to radiation-induced tumorigenesis, although most tumors retain the wild-type allele (Mao et al., 2004) . In addition, c-Myc was found to accumulate in Fbxw7 -/-embryonic stem cells (Yada et al., 2004) . To avoid the embryonic mortality of conventional Fbxw7
-/-mice, we generated mice with conditional inactivation of Fbxw7 in various tissues (Onoyama et al., 2007) . Disruption of Fbxw7 in the T-cell lineage resulted in accumulation of Notch1 and c-Myc, which was shown to be responsible for the development of thymic hyperplasia and lymphoma in the affected animals (Onoyama et al., 2007) . In addition, inactivation of Fbxw7 in hematopoietic stem cells induced activation of the cell cycle as a result of the accumulation of c-Myc, leading to the premature loss of these cells (Matsuoka et al., 2008; Thompson et al., 2008) . We have also previously shown that ablation of Fbxw7 in mouse embryonic fibroblasts (MEFs) induced cell-cycle arrest and apoptosis, even though Fbxw7 is considered a negative regulator of the cell cycle and a tumor suppressor (Ishikawa et al., 2008) . Although these phenotypes were found to be largely attributable to Notch1 accumulation and to be dependent in part on p53, the precise mechanism underlying the cell-cycle arrest in Fbxw7-deficient (Fbxw7
) MEFs has remained unclear.
We now show that inactivation of Fbxw7 in MEFs results both in downregulation of the CDK inhibitors (CKIs) p27
Kip1 and p57 Kip2 in a manner dependent on the activation of Notch signaling as well as in upregulation of the tumor suppressor proteins p16
Ink4a and p19 ARF in a manner dependent in part on the accumulation of c-Myc. The results of our study thus reveal a complex mechanism of cell-cycle regulation through Fbxw7-mediated protein degradation.
Results

Notch-dependent downregulation of p27
Kip1 and p57
Kip2
in Fbxw7 D/D MEFs We have previously shown that the inhibition of cellcycle progression apparent in Fbxw7 D/D MEFs is largely attributable to accumulation of the intracellular domain of Notch1 (NICD1), which is a substrate of Fbxw7 (Ishikawa et al., 2008) . Although NICD1 accumulation results in activation of a p53-dependent pathway that upregulates the CKI p21
Cip1 in Fbxw7 D/D MEFs (Ishikawa et al., 2008) , ablation of p53 did not fully revert the phenotype of these cells, suggesting that a pathway (or pathways) other than the p53/p21
Cip1 axis contributes to the cell-cycle arrest. We therefore examined the expression of the CKIs p27 Kip1 (Figure 1a) .
To examine whether this reduced expression of p27
Kip1
and p57 Kip2 in Fbxw7 D/D MEFs is attributable to NICD1 accumulation, we adopted a genetic approach. Mammalian members of the Notch family of proteins interact with the DNA binding protein RBP-J, and the resulting complex usually behaves as a transcriptional activator (Kato et al., 1996; Artavanis-Tsakonas et al., 1999) . To examine the possibility that the NICD1/RBP-J complex functions as a transcriptional repressor for p27 and p57 genes, we crossed Fbxw7 F/F mice with Rbpj F/F mice (Han et al., 2002) , and then generated Fbxw7
MEFs with a retrovirus encoding Cre recombinase. We confirmed by PCR analysis that the floxed alleles of both Fbxw7 and Rbpj were deleted in the infected cells (data not shown). The ablation of RBP-J in Fbxw7-null MEFs largely restored the expression of both p27
Kip1 and p57 Kip2 apparent after serum deprivation to the levels observed in Fbxw7 (Figure 1b) (Figure 1c ), suggesting that Notch1, but not other Notch family proteins, is the main suppressor for the expression of p27
Kip1 and p57 Kip2 . We also measured p27
Kip1 and p57 Kip2 mRNA levels in serum-deprived MEFs of the various genotypes and found that the amount of p27
Kip1 mRNA was decreased in Fbxw7
MEFs, and that this difference was largely abolished by ablation of RBP-J in the Fbxw7-deficient cells (Figure 1d ). In contrast, the suppression of p57
MEFs was more pronounced than that of p27
Kip1 mRNA, and it was only partially reversed in Fbxw7 Kip2 expression and that these effects are attributable, at least in part, to inhibition of p27 Kip1 and p57 Kip2 gene transcription.
Suppression of p27
Kip1 and p57 Kip2 expression by Notch signaling To examine whether the increased level of NICD1 alone is sufficient to inhibit the expression of p27
Kip2
, we infected wild-type MEFs with a retrovirus encoding NICD1. Immunoblot analysis revealed that overexpression of NICD1 resulted in a marked decrease in the abundance of p27
Kip1 and p57 Kip2 in asynchronous or serum-deprived cells ( Figure 2a ) and that this effect was accompanied by a marked increase in the amount of HeyL mRNA (Figure 2b ), a target gene of the NICD/ RBP-J complex. Overexpression of NICD1 did not affect the abundance of the mRNA for Skp2 (Figure 2b ), a component of the SCF Skp2 complex that functions as a ubiquitin ligase for p27
, even though the Skp2 gene has been identified as a target of Notch1 (Sarmento et al., 2005) . Forced expression of NICD1 also reduced the amounts of p27
Kip2 mRNAs ( Figure 2c ). These results, together with those presented in Figure 1 , suggested that the accumulation of NICD1 is both required and sufficient for the suppression of p27 Kip1 and p57 Kip2 expression. 
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MEFs (Figure 3c ). Furthermore, overexpression of NICD1 did not affect p16
Ink4a at either protein or mRNA level (Figures 2a and c) . These results suggested that the transcription of p16
Ink4a and p19
Given that a high level of c-Myc expression was previously shown to induce p19 ARF expression (Zindy et al., 1998) and that c-Myc is a target of the SCF Kip2 expression by Notch signaling in mouse embryonic fibroblasts (MEFs). (a) Asynchronous or serum-deprived wild-type MEFs infected with a retrovirus encoding NICD1 or with the corresponding empty vector were subjected to immunoblot analysis with antibodies to NICD1, p27 Kip1 
, p57
Kip2 or p16 Kip1 , p57 Kip2 and p16 Ink4a mRNAs (c) in asynchronous wild-type MEFs infected as in a. Data are means ± s.d. of at least triplicates from representative experiments. *Po0.05, **Po0.01 versus the corresponding value for cells infected with the empty vector.
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MEFs than in Fbxw7
þ / þ MEFs and that this difference was more pronounced in the absence of p53 (Figure 4a ), probably because ablation of p53 results in a partial recovery from cell-cycle arrest in Fbxw7 D/D MEFs and thereby increases c-Myc expression (Ishikawa et al., 2008) . The expression of p16
Ink4a and p19 ARF appeared to be proportional to that of c-Myc in Fbxw7
-/-MEFs ( Figure 4a , right panel), suggesting that c-Myc accumulation might be responsible for the upregulation of p16
Ink4a and p19 ARF in the Fbxw7-deficient cells. Given that deletion of Fbxw7 had no effect on the amount of c-Myc mRNA (Figure 4b (Figures 6a and b) . We also found that both p53 and p21
Cip1 were increased in
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D/D MEFs, and these increases were abolished by the additional deletion of c-Myc. However, overexpression of c-Myc alone did not result in the increase in p21
Cip1 abundance (Figure 5c ), suggesting that both Notch1 and c-Myc pathways are required for the increase in p21
Cip1 . Analyses for cell cycle and apoptosis in wild-type, ARF in Fbxw7 D/D MEFs therefore seems to be mediated at both transcriptional and posttranslational levels. Moreover, the increases in the amounts of p53 and p21
Cip1 observed in Fbxw7 D/D MEFs were abolished by ablation of c-Myc (Figures 6a and b) , suggesting that the p53/p21
Cip1 pathway operates downstream of c-Myc. Given that the p53/p21
Cip1 pathway is also regulated by Notch1 (Ishikawa et al., 2008 ), Fbxw7 appears to control this pathway through both Notch1 and c-Myc (Figure 7 ). . In contrast to our expectation that Fbxw7 loss would confer a growth advantage, it induced cell-cycle arrest and apoptosis in MEFs (Ishikawa et al., 2008 ). Although we have previously shown that the major physiological target of Fbxw7 in MEFs is the NICD1/ p53 pathway, the activation of this pathway was not sufficient to explain all the observed characteristics of Fbxw7-null MEFs. We have now explored in more detail the mechanisms responsible for the cell-cycle arrest and apoptosis in Fbxw7 D/D MEFs. ARF , p53 and p21 Cip1 protein was quantified by image analysis and normalized by the amount of Hsp90. (c) MEFs infected as in a were labeled with bromodeoxyuridine (BrdU) and stained with propidium iodide, and cells with a DNA content of 2C or 4C were counted by flow cytometry. The percentages of cells in G 1 , S and G 2 -M phases of the cell cycle are indicated (upper panels). The incidence of apoptosis in the MEFs was also determined by flow cytometric analysis of cells with a DNA content of o2C (middle panels) or of those stained with annexin V-fluorescein isothiocyanate (FITC) and counterstained with propidium iodide (lower panels).
MEFs at the indicated times of exposure to cycloheximide (left panels). The relative amount of p19 ARF remaining at the various chase times was quantified by image analysis and normalized by the amount of Hsp90 (right panel).
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The level of p27
Kip1 in cells is a determinant of the balance between proliferation versus quiescence. The expression of this CKI is increased in cells subjected to mitogen deprivation or otherwise rendered quiescent (Coats et al., 1996; Besson et al., 2007) . Similarly, the expression of p57
Kip2 is increased in serum-deprived osteoblasts (Urano et al., 1999) or MEFs (Kamura et al., 2003) . We have now shown that the expression of p27
Kip1 and p57 Kip2 is decreased in Fbxw7 D/D MEFs compared with that in wild-type cells. Furthermore, this effect of Fbxw7 deficiency was not apparent in the absence of RBP-J. Notch1 was previously shown to induce the expression of Skp2, an F-box protein that mediates the ubiquitin-dependent proteolysis of p27 Kip1 
and p57
Kip2 , with this effect being mediated at the transcriptional level and resulting in the degradation of p27
Kip1 in 3T3 mouse fibroblasts (Sarmento et al., 2005) . However, the reduced expression of p27
Kip1 and p57 Kip2 in Fbxw7 D/D MEFs was also apparent at the mRNA level. Moreover, the induction of Skp2 mRNA was not apparent either in Fbxw7 D/D MEFs (data not shown) or in wild-type MEFs expressing exogenous NICD1 (Figure 2b ). These results thus exclude the possibility that upregulation of Skp2 induced by the accumulation of NICD1 is primarily responsible for the downregulation of p27
Kip1 and p57 Kip2 observed in Fbxw7 D/D MEFs. Notch signaling has been implicated in repression of the expression of p27
Kip1 and p57 Kip2 at the transcriptional level. In Xenopus, for example, increased Notch signaling results in inhibition of transcription of the gene for Xic1, the frog orthologue of p27 Kip1 , in the neural plate, an effect that contributes to regulation of the differentiation of primary neurons (Vernon et al., 2006) . In mouse intestinal crypt progenitor cells, Hairy/ enhancer of split 1 (Hes1), a well-characterized target of Notch signaling, inhibits transcription of the genes for both p27
Kip2
, contributing to maintenance of the proliferative crypt compartment of the small intestine (Riccio et al., 2008) . Furthermore, induction of Hes1 resulted in direct inhibition of the activity of the p27
Kip1 gene promoter, with this effect being mediated by the binding of Hes1 to a class C binding site in the promoter region (Murata et al., 2005) . Transcription of the p57
Kip2 gene is also regulated by Hes1 in the pancreas (Georgia et al., 2006) . In addition, the related transcriptional repressor Hey1 (hairy/enhancer-of-split related with YRPW motif 1), which is also activated by Notch, controls the size of the ocular lens by directly suppressing p57
Kip2 expression (Jia et al., 2007) . These various observations suggest that NICD1 or its downstream transcriptional repressors might be responsible for transcriptional inhibition of the p27
Kip2 genes in Fbxw7 D/D MEFs. The Ink4a/Arf locus encodes the important tumor suppressors p16
ARF
. This locus is deleted in a wide spectrum of tumors including melanoma, pancreatic adenocarcinoma, glioblastoma, certain leukemias, non-small-cell lung cancer and bladder carcinoma (Lomas et al., 2008; Maitra and Hruban, 2008; Solomon et al., 2008) . We have now shown that the expression of p16
Ink4a and p19 ARF is increased in Fbxw7 D/D MEFs. This upregulation did not appear to be attributable to activation of Notch signaling, given that it was not recapitulated by forced expression of NICD1 or abolished by disruption of Rbpj. Conversely, c-Myc was previously shown to regulate the Ink4a/Arf locus by directly associating with E-box elements within the genomic DNA (Guney et al., 2006) . c-Myc is a highly labile protein (half-life of B30 min), with its stability being primarily determined by Fbxw7-mediated ubiquitylation (Welcker et al., 2004; Yada et al., 2004) . We found that the expression of p16
Ink4a and p19 ARF was also increased at the transcriptional level in Fbxw7-deficient MEFs. In addition, overexpression of c-Myc in wildtype MEFs resulted in an increase in the expression of p19 ARF (but not in that of p16
Ink4a
) at both the mRNA and protein levels. Furthermore, the increased expression of p19 ARF in Fbxw7 D/D MEFs was normalized by genetic ablation of c-Myc, consistent with the notion that the accumulation of c-Myc is primarily responsible for the upregulation of p19 ARF in these cells. Given that overexpression of c-Myc did not mimic the increased expression of p16
Ink4a might be regulated by an unknown substrate(s) of the SCF Fbxw7 ubiquitin ligase (Figure 7 ). The results of our study are consistent with the previous observation that c-Myc appeared to have little, if any, effect on p16
Ink4a expression in MEFs (Zindy et al., 1998; Drayton et al., 2003) .
The expression of p19 ARF in MEFs was shown to be regulated at the level of protein stability as well as of transcription. Our observation that the stability of p19 ARF is increased in Fbxw7-null MEFs was unexpected, given that the amino-acid sequence of p19 ARF does not contain a typical degron sequence for Fbxw7 (CPD, or Cdc4 phosphodegron). Several studies have Kip1 and p57 Kip2 but increases that of p53 and p21
Cip1 . The expression of p19 ARF is dependent on c-Myc. The amount of p16
Ink4a increases by the deletion of Fbxw7 through neither NICD1 nor c-Myc, suggesting that other unknown substrates of Fbxw7 might be involved in this increase.
revealed functional relations among c-Myc, nucleophosmin (NPM, also known as B23), p19
ARF and Fbxw7. c-Myc thus induces p19 ARF and NPM gene transcription, and both p19
ARF and NPM interact with and thereby regulate c-Myc (Zeller et al., 2001; Datta et al., 2004; Qi et al., 2004; Li et al., 2008) . NPM also binds to p19 ARF and protects it from degradation, as revealed by the destabilization of p19
ARF apparent in Npm -/-MEFs (Colombo et al., 2005) . Furthermore, a recent study suggested that NPM is required for the nucleolar localization and stabilization of the g-isoform of Fbxw7, which results in promotion of c-Myc degradation by Fbxw7 (Bonetti et al., 2008) . These lines of evidence suggest that Fbxw7 regulates p19 ARF expression at various levels.
We have shown here that Fbxw7 regulates the expression of the CKIs p27
Kip1 and p57 Kip2 and the tumor suppressors p16
Ink4a and p19 ARF in opposite directions through the degradation of NICD1, c-Myc and an unknown substrate(s) in MEFs (Figure 7 ). The decrease in the expression of p27
Kip1 and p57 Kip2 induced by ablation of Fbxw7 may promote cell proliferation, whereas the increase in that of p21
Cip1
, p16
Ink4a and p19 ARF may induce growth arrest. The latter effect appears to be predominant in Fbxw7-null MEFs, suggesting that the impact of the upregulation of p21
Cip1
, p16
Ink4a and p19 ARF is greater than that of the downregulation of p27
Kip2
. Our previous study showed that the cell-cycle arrest in Fbxw7
MEFs is largely dependent on Notch1 and p53 (Ishikawa et al., 2008) , suggesting that p21
Cip1 might be the one of the most critical regulators for the cell-cycle arrest. However, the increase in the abundance of p21
Cip1
in Fbxw7 D/D MEFs was not obvious in the previous study in which aged MEFs (41 week after gene ablation) were used (Ishikawa et al., 2008) , probably because p21
Cip1 was upregulated in the control cells by senescence that made the difference in p21
Cip1 expression less pronounced between wild-type and mutant cells. To avoid the background increase of p21
, we analyzed the regulation of CKIs within 1 week after gene ablation in this study, and found that p21
Cip1 was indeed increased to a greater extent in Fbxw7 D/D MEFs than that in wild-type cells. We do not exclude the possibility that other targets of p53 such as 14-3-3s might be involved in the cell-cycle arrest of Fbxw7 D/D MEFs. To further investigate the role of p21
Cip1 , generation and characterization of Fbxw7
-/-MEFs will be necessary. Collectively, given that FBXW7 is a potential oncosuppressor gene in various types of human cancer (Nakayama and Nakayama, 2006; Akhoondi et al., 2007; Welcker and Clurman, 2008) , these molecular interactions in MEFs may provide insight into the role of Fbxw7 in carcinogenesis in a variety of tissues.
Materials and methods
Cells and viral infection Fbxw7
þ / þ , Fbxw7 þ /F and Fbxw7 F/F MEFs were prepared at embryonic day 13.5 from embryos generated by mating of
Fbxw7
þ /F mice (Onoyama et al., 2007) and were maintained as previously described (Nakayama et al., 1996) . Fbxw7
-/-and Fbxw7 F/F c-Myc F/F MEFs were prepared from embryos generated by breeding Fbxw7 et al., 2004) , respectively. All experiments in this study were performed with nonsenescent MEFs (o2 passages) within 1 week after gene ablation.
Complementary DNAs encoding Cre recombinase or mouse NICD1 were subcloned into the retroviral vectors pMX-puro or pMX-blast (Morita et al., 2000) , and that encoding mouse c-Myc was subcloned into the retroviral vector pBabe-puro (Morgenstern and Land, 1990) . Plat-E packaging cells were transfected with these vectors with the use of the FuGENE6 reagent (Roche, Indianapolis, IN, USA), and culture supernatants containing recombinant ecotropic retroviruses were harvested. Conditional inactivation of Fbxw7, Rbpj or c-Myc was performed by infection of MEFs harboring the corresponding floxed (F) alleles with a retrovirus encoding Cre recombinase. Proliferating MEFs were incubated with viruscontaining culture supernatants in the presence of Polybrene (2 mg/ml) for 12 h. At 24 h after infection, the cells were subjected to selection in medium containing puromycin (10 mg/ ml) or blasticidin (2 mg/ml) for 72 h.
For serum deprivation, cells were washed twice with phosphate-buffered saline and cultured for 96 h in Dulbecco's modified Eagle's medium supplemented with 0.05% fetal bovine serum. For analysis of growth rate, we seeded cells in 15 cm culture dishes at a density of 1 Â 10 5 per dish, harvested at the indicated times and counted using a hemocytometer.
RNA interference
For RNAi-mediated depletion of Notch1, 3 Â 10 5 MEFs were transfected with 2 ml of stock Stealth RNAi duplex (20 mM) using Neon Transfection System (Invitrogen, Carlsbad, CA, USA). At 24 h after transfection, the cells were subjected to serum deprivation in Dulbecco's modified Eagle's medium containing 0.1% fetal bovine serum for 60 h. Sequence information for Notch1 RNAi, 5 0 -GGTCTGCAACCTGCAG TGTAATAAT-3 0 . As a control, Stealth RNAi Negative Control Duplexes were used.
Quantitative RT-PCR analysis Total RNA was isolated from cells and purified using an SV Total RNA Isolation System (Promega, Madison, WI, USA). Complementary DNA was synthesized from the RNA by reverse transcription (RT) with the use of a PrimerScript RT reagent kit (Takara Bio, Shiga, Japan) and was subjected to real-time PCR analysis with a 7000 sequence detection system and the Power SYBR Green dye (Applied Biosystems, Foster City, CA, USA). Data were analyzed according to the 2 -DDCt method and were normalized relative to the amount of acidic ribosomal phosphoprotein mRNA. The normalized abundance of target mRNAs was expressed relative to the corresponding value for wild-type or control cells. PCR was performed with the following primers (forward and reverse, respectively): acidic ribosomal phosphoprotein, Protein analysis Whole-cell extracts were subjected to immunoblot analysis as described (Kitagawa et al., 1999) . Primary antibodies included those to c-Myc (N-262), Cdk4 (C-22) or p16 Ink4a (M-156), all of which were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); Notch1 (Cell Signaling, Danvers, MA, USA); p57
Kip2 (B-5-1-2; Sigma, St Louis, MO, USA); p27
Cip1 or Hsp90 (BD Pharmingen, San Diego, CA, USA); p53 (Novocastra, Newcastle, UK) and p19 ARF (ab80; Abcam, Cambridge, UK). For analysis of c-Myc or p19
ARF stability, cells were exposed to cycloheximide (100 mg/ml) and harvested at the indicated times thereafter.
Flow cytometry
For analysis of cell-cycle profile, cells were incubated with 10 mM bromodeoxyuridine (BrdU; Sigma) for 60 min and then stained with propidium iodide and fluorescein isothiocyanate (FITC)-conjugated antibodies to BrdU (BD Pharmingen). Only cells with a DNA content of 2C or 4C were counted. For detection of apoptosis, MEFs were harvested and stained with FITC-conjugated annexin V and counterstained with propidium iodide (Annexin V-FITC Apoptosis Detection Kit; BD Pharmingen). All analyses were performed with an Epics XL flow cytometer and FlowJo software (Tomy Digital Biology, Tokyo, Japan).
Statistical analysis
Quantitative data are presented as means ± s.d. and were analyzed by Student's t-test. A P-value of o0.05 was considered statistically significant. All experiments were performed at least three times.
